Itch is an unpleasant sensation with the desire to scratch. Although it is well known that scratching itchy skin is pleasurable, the cerebral mechanisms underlying this phenomenon are poorly understood. We hypothesized that the reward system is associated with scratching-induced pleasantness. To investigate this hypothesis, a functional magnetic resonance imaging study was performed in 16 healthy subjects. Pleasantness was evoked by scratching the wrists where itch stimuli were applied, while scratching the dorsal forearms, far from itch stimuli, did not evoke pleasantness. Interestingly, pleasantness evoked by scratching activated not only the reward system (i.e., the striatum and midbrain) but also key regions of perception (i.e., the primary somatosensory cortex) and awareness of subjective feelings (i.e., the insular cortex), indicating that a broad network is involved in scratching-induced pleasantness. Moreover, although itch was suppressed by scratching, motorrelated regions such as the supplementary motor area, premotor cortex, and cerebellum showed significant activation when pleasantness was evoked. This activation could explain why scratchinginduced pleasantness potentially reinforces scratching behaviors. This study is the first to identify networks activated by scratching-induced pleasantness. The results of the present study provide important information on the cerebral mechanisms underlying why scratching itchy skin evokes pleasurable feelings that reinforce scratching behaviors.
ITCH IS AN UNPLEASANT SENSATION that triggers scratching behaviors. Scratching itchy skin can inhibit the itch sensation. Simultaneously, it evokes pleasurable feelings such as a pleasant somatic sensation perceived at the scratched skin. Hedonic experiences are associated with the reward system (Wise and Rompre 1989) . The major brain regions of this system are the striatum, midbrain including the ventral tegmental area (VTA) and substantia nigra (SN), and medial frontal regions such as the medial prefrontal cortex (medial PFC) and medial orbitofrontal cortex (medial OFC) (Fibiger et al. 1987; Kühn and Gallinat 2012; Saper 2000; Tzschentke 2000 ). Thus we hypothesized that scratching-induced pleasantness also activates major brain regions of the reward system. Two functional magnetic resonance imaging (fMRI) studies have investigated the cerebral processing of scratching. One study investigated scratching without itch stimuli. The authors discussed possible mechanisms of itch relief by scratching and itch-scratch cycle based on their finding (Yosipovitch et al. 2008) . The other study measured brain activity while the itch sensation was suppressed by scratching and observed an increase in the blood oxygenation level-dependent (BOLD) signal in the striatum (Vierow et al. 2009 ). Unfortunately, since the previous study did not measure pleasantness, it remains uncertain whether the increased activity in the striatum during scratching reflected scratching-induced pleasantness. Brain regions associated with pleasantness evoked by scratching itchy skin have not yet been elucidated. Thus, in this study, we investigated the cerebral representation of scratching-induced pleasantness with fMRI.
MATERIALS AND METHODS

Subjects
Sixteen healthy subjects (10 men and 6 women) [mean age Ϯ standard deviation (SD): 31.6 Ϯ 8.1 yr] participated in this study. Written informed consent was obtained from all subjects. The study complied with the Declaration of Helsinki, and the Ethics Committee of the National Institute for Physiological Sciences (Japan) approved the experimental procedures.
Electrical Itch Stimulus
Electrical stimuli were used to evoke itch sensations in the present study (Ikoma et al. 2005; Mochizuki et al. , 2009 . Electrical stimuli were applied to the wrist by passing a weak current through an anode electrode 4.5 cm long and 2.1 cm wide (Vitrode, F-150M, Nihon Kohden, Tokyo, Japan). The anodal electrode was attached to the wrist so that the long side of the electrode was orthogonal to the forearm. The reference electrode was attached near the anodal electrode. The itch stimulus was applied for 4.5 s (frequency: 50 Hz; pulse width: 10 ms; number of pulses: 225) with a stimulator (SEN-7203, Nihon Kohden). The current intensity was determined for each subject with a visual analog scale (VAS) ranging from 0 (no itch) to 10 (unbearable itch sensation) so that a clear itch sensation (VAS 3 or more) was perceived. The current intensity for the electrical itch stimuli used during fMRI was 0.39 Ϯ 0.10 mA (mean Ϯ SD).
Scratching Stimulus
A previous study reported that an L-shaped copper plate can induce sensations comparable to those induced by fingernails (Vierow et al. 2009 ). In our preliminary experiments, we confirmed that scratching itchy skin with L-shaped copper plates could induce pleasurable feelings. Moreover, pleasurable feelings were much stronger when two L-shaped copper plates were used compared with when a single L-shaped copper plate was used. Thus, in this study, two L-shaped scratching plates were used as a scratching tool (thickness of the plate: 0.6 mm; width: 1 cm; length: 13 cm) (Fig. 1A, left) . Scratching stimuli were applied to either the wrist or distal forearm with the scratching tool. In the condition that included scratching of the wrist (the pleasant condition), the scratching tool was placed on the wrist so that the anodal electrode for the electrical itch stimulus was located between the two L-shaped copper plates (Fig. 1A, center) . The wrist was then scratched by an experimenter for 5 s with the scratching tool. A tone was presented to the experimenter for 5 s through headphones so that the duration of scratching was always the same. The copper plates were moved between 1.5 cm lateral and 1.5 cm medial from the center of the electrodes (3 cm in total). In a pilot experiment, we confirmed that a pleasant sensation could be evoked by moving the scratching tool slowly with slight pressure on the skin where the electrical itch stimuli were applied. The force was 0.1-0.3 N, calculated using the weight measured while moving the tool on a balance (ASP413, AS ONE, Osaka, Japan). The speed was 5-8 cm/s, calculated by measuring the time while the tool was moved back (3 cm) and forth (3 cm) 10 times (60 cm in total) with a digital stopwatch (PC-GF15, Seiko, Tokyo, Japan). In the condition that included scratching of the distal forearm (the control condition), an experimenter scratched the skin 2-3 cm proximal from the reference electrode with the scratching tool in the same way as in the pleasant condition (Fig. 1A, right) . In our preliminary experiment, we applied itching and scratching stimuli simultaneously. No itch sensation was evoked when scratching stimuli were applied to the wrists where itch stimuli were applied, whereas the itch sensation was perceived when scratching stimuli were applied to the forearm, far from the wrists. This difference in these conditions (i.e., with and without itch) was not suitable for our real experiment. On the other hand, when scratching stimuli were applied after the end of itch stimuli, the itch sensation was perceived during electrical itch stimuli in both conditions in the preliminary experiment. Fortunately, even after the end of electrical itch stimuli, pleasurable feelings were evoked in the condition in which scratching stimuli were applied to the wrists where itch stimuli were applied. On the other hand, when scratching stimuli were applied before and during itch stimuli, no pleasant sensation was evoked. Therefore, scratching stimuli were applied after electrical itch stimuli. Two experimenters performed the scratching in this study. One experimenter was the main scratcher, whereas the other experimenter was a secondary backup scratcher. The backup experimenter participated in the experiments twice as a scratcher, whereas the main experimenter performed the scratching in all of the rest of the experiments in this study.
fMRI Experiment
Subjects participated in four sessions in the fMRI scanner. Two conditions were presented in each session. One was the pleasant condition, and the other was the control condition. In both conditions, electrical itch stimuli were applied to the wrist. The itch stimuli were always applied to the same wrist within a session. However, the wrist to which the itch stimuli were applied was changed between sessions. Specifically, if electrical itch stimuli were applied to the left wrist in one session, the opposite wrist (i.e., the right wrist) was stimulated with itch stimuli in the next session. In the pleasant condition, 0.5 s after the end of the electrical itch stimulus, the wrist to which the itch stimulus was applied (Fig. 1A, center) was scratched by an experimenter. In the control condition, the dorsal forearm, a few centimeters apart from the wrist to which the electrical stimulus was applied (Fig.  1A, right) , was scratched by the experimenter in the same way. In both conditions, 10 s after the end of scratching, a cue ("How pleasurable was it?") was presented for 5 s. The subjects reported pleasantness with the fingers of the hand opposite to the side to which the itch stimuli were applied, using a VAS of pleasantness ranging from 0 (not pleasant) to 10 (scratching extremely pleasant). The two conditions were repeated four times in a session. The order of conditions was randomized among subjects. The interval between conditions was randomly changed between 75 s and 90 s.
Psychophysiological Experiment
All subjects also participated in the psychophysical experiment on a different day. One of the purposes of this experiment was to evaluate the duration of pleasantness evoked by scratching. Another purpose was to confirm that pleasantness was evoked by scratching the wrist only when itch stimuli were applied. In this experiment, the experimenter scratched the wrist to which the electrical itch stimulus was applied for 5 s after the end of the itch stimulus. The electrical itch and scratching stimuli used in this experiment were the same as those used in the fMRI experiment, except for the current intensity of the electrical itch stimuli (mean Ϯ SD: 0.44 Ϯ 0.10 mA). The subjects were asked to press a button if pleasantness was evoked after the beginning of scratching and to press the button again if pleasantness ended. The duration between the first and second pressing of the button was used as the dependent measure of the duration of pleasantness. In addition, they were asked to report the subjective intensity of pleasantness using a VAS. Moreover, the experimenter scratched the same wrist without applying the electrical itch stimuli to confirm that pleasantness was not greatly evoked by scratching in that condition. All trials mentioned above were repeated twice for each subject.
fMRI Measurements
The fMRI experiment was conducted with a 3-T MRI scanner (Allegra, Siemens, Erlangen, Germany). For functional imaging during each session, a series of 252 volumes was acquired with T2*-weighted, gradient-echo, echo-planar imaging (EPI) sequences. Each volume consisted of 39 transaxial slices, each having a thickness of 3.0 mm, with a 0.5-mm gap between slices to cover the entire cerebrum and cerebellum [repetition time (TR) ϫ 2,500 ms; echo time (TE) ϫ 30 ms; flip angle (FA) ϫ 80°; field of view (FOV) ϫ 192 mm; 64 ϫ 64 matrix]. Oblique scanning was used to exclude the eyeballs from images.
Data Analysis
The first three EPI volumes of each session were eliminated to allow for stabilization of the magnetization. Thus the fourth scan was the first volume. The fMRI data were analyzed with statistical parametric mapping 8 software (SPM8, The Wellcome Trust Centre for Neuroimaging, London, UK; http://www.fil.ion.ucl.ac.uk/spm). To reduce head motion artifacts, all volumes were realigned to the first volume. The first volume was normalized to the Montreal Neurological Institute (MNI) EPI image template using an affine transformation and a nonlinear basis function. The same parameters were applied to all EPI volumes, which were spatially smoothed in three dimensions with a Gaussian kernel with 6-mm full width at half-maximum.
Statistical analysis was conducted at two levels. First, individual activity associated with electrical itch stimuli (Fig. 1B, regressor 1) , scratching in the pleasant condition (Fig. 1B, regressor 2) , scratching in the control condition (Fig. 1B, regressor 3) , and during rating (Fig.  1B , regressor 4) were evaluated (first-level analysis). In addition, to identify brain regions associated with scratching-induced pleasantness, brain activity associated with scratching in the pleasant condition was compared with that in the control condition [pleasant Ͼ control] in the first-level analysis. The regressors were convolved with a canonical hemodynamic response function.
In this study, the stimulus onsets of itch and scratching stimuli were always the beginnings of fMRI scans. Thus the onset of each regressor was the scan corresponding to the stimulus onset. The duration for each regressor was two scans (i.e., 5 s). Even though the duration of the electrical itch stimulus was 4.5 s, the duration of regressor 1 to identify itch stimuli-related brain regions was two scans (i.e., 5 s).
The reason why the duration of electrical itch stimulus was 4.5 s was as follows. A clear pleasant sensation became weaker or was not evoked when the interval between itch and scratching stimuli increased (e.g., ϳ10 s) in our preliminary experiment. Thus the solution used was to apply scratching stimuli at the end of electrical stimuli. However, the scratching tool we used was copper, which conducts electricity. Therefore, if the tool accidentally touched the electrodes to which the electrical current was still conducting, the electrical current may have been passed to the scratcher, and the circuit could be closed by applying the scratching tool to the skin. This circuit changes the electrical properties of the skin, and the flow of electricity could change if the tool accidentally touched the electrodes through which the electrical current was still flowing. We reasoned that these accidents would probably not happen if the scratching stimuli were applied at the end of the electrical itch stimuli. However, it was safer to terminate the electrical itch stimuli several hundred milliseconds before starting the scratching. Thus electrical itch stimuli terminated 0.5 s before the end of two scans.
The duration of regressor 1 was set to two scans (i.e., 5 s) because of the slow conduction velocity of C fibers that mediate the itch sensations evoked by electrical itch stimuli . The conduction velocity of C fibers is very low (0.4 -2.0 m/s). Thus neural signals in the periphery evoked by an electrical itch stimulus were still reaching the brain several hundred milliseconds after stimulus offset. Here, the offset was 4.5 s after the stimulus onset. This delay differs in individuals, since the conduction velocity of C fibers varies with the individual. Thus it was impossible to make a neural model (i.e., regressor 1) with regard to the delay for each subject. We considered that a delay from stimulus offset of two scans (i.e., 5 s) was better suited to the duration of regressor 1 than 4.5 s. Thus the duration was set as two scans in this study.
To make inferences at a population level, individual data were summarized and incorporated into a random-effects model (secondlevel analysis) (Holmes and Friston 1998) . To investigate whether brain regions were significantly activated during scratching in the pleasant condition compared with the control condition, we applied a masking procedure (i.e., an inclusive mask) to the second-level analysis of [pleasant Ͼ control] . Here brain regions significantly activated during scratching in the pleasant condition were used for the inclusive mask. In addition, we also investigated brain regions showing significantly more deactivation during the pleasant condition compared with the control condition. The statistical threshold for significant change in activity was uncorrected P Ͻ 0.001 for intensity and false discovery rate (FDR) corrected P Ͻ 0.05 for cluster (whole brain) for the analyses mentioned above.
RESULTS
Behavioral Data
In the fMRI experiment, pleasantness was evoked by scratching in the pleasant condition, in which wrists where electrical itch stimuli were applied were scratched by an experimenter for 5 s (mean Ϯ SD of VAS: 5.23 Ϯ 1.70). All subjects reported clear pleasurable feelings in this condition. Conversely, pleasantness was not evoked in the control condition, in which the forearm, far from itch stimuli, was scratched (0.96 Ϯ 1.19). There was a significant difference in pleasantness between the two conditions (paired t-test: P Ͻ 0.0001; Fig. 2A ). In the psychophysical experiment, we investigated the duration of pleasantness evoked by scratching the wrist to which itch stimuli were applied. The duration was 5.18 Ϯ 1.58 s (Fig. 2B) . The intensity of the pleasantness was 4.52 Ϯ 1.54 (Fig. 2C) . In contrast, pleasantness evoked by scratching the wrist when no itch stimuli were applied was 1.45 Ϯ 1.46. There was a significant difference in pleasantness between the conditions with and without itch stimuli (paired t-test: P Ͻ 0.0001; Fig. 2C ).
fMRI Data
Brain regions activated during scratching in pleasant and control conditions. In the pleasant condition, significant activation was observed in extended frontal areas, including the lateral PFC, lateral OFC, supplementary motor area (SMA), premotor cortex (PM), parietal cortex including the primary somatosensory cortex (SI), posterior part of the opercular cortex (pOPC), temporal cortex, precuneus, medial cingulate cortex (MCC), posterior cingulate cortex (PCC), insular cortex (IC), striatum, thalamus, cerebellum midbrain, and pons ( Fig. 3A and Table 1 ). In the control condition, brain regions activated by scratching stimuli were the frontal regions including lateral PFC, lateral OFC, SMA, PM, parietal cortex including SI, pOPC, temporal cortex, precuneus, MCC, PCC, striatum, thalamus, and cerebellum ( Fig. 3B and Table 1 ). Direct comparison of brain activity during scratching between the pleasant and control conditions showed significantly higher activity for the pleasant condition in the left SMA, bilateral inferior frontal gyrus (IFG)/PM, left PM, bilateral SI, right MCC, bilateral IC, bilateral striatum, left thalamus, midbrain including VTA and SN, and left cerebellum ( Fig. 3C and Table  1 ). As shown in Fig. 5 , activity in the left striatum, midbrain, SMA, PM, thalamus, and cerebellum when pleasantness was evoked (pleasant Ͼ control) did not significantly differ from that while itch stimuli were applied. Activity in the right striatum when pleasantness was evoked was significantly higher compared with that during itch stimuli. Similar results were also observed in the bilateral IFG/PM and SI. In contrast, the bilateral IC showed significantly higher activity during itch stimuli compared with when pleasantness was evoked.
Deactivation during scratching in pleasant and control conditions. Brain regions showing significant deactivation in the pleasant and control conditions were the primary motor cortex (MI)/PM, precuneus (Prec)/PCC, occipital cortex, medial OFC, and hippocampus (Fig. 4 and Table 2 ). There were no significant differences in deactivation between the pleasant and control conditions.
Brain regions associated with electrical itch stimuli and rating. Brain regions significantly activated during electrical itch stimuli were the lateral PFC, SMA, PM, SI, pOPC, precuneus, MCC, PCC, IC, striatum, thalamus, and midbrain ( Fig. 3D and Table 3 ). Brain regions significantly activated during rating were the lateral PFC, SMA, PM, parietal cortex, pOPC, precuneus, MCC, PCC, IC, striatum, thalamus and cerebellum bilaterally, and midbrain (Table 4) .
DISCUSSION
This is the first study to investigate the cerebral representation of scratching-induced pleasantness. As expected, scratching-induced pleasantness activated brain regions associated with the reward system such as the striatum and midbrain. Moreover, scratching-induced pleasantness also activated several other brain regions such as the SI, IC, SMA, PM, cerebellum, and IFG/PM. These results indicate that broad networks are associated with pleasurable feelings evoked by scratching.
Behavioral Data
Scratching wrists to which electrical itch stimuli were applied evoked pleasantness ( Fig. 2A) . However, scratching the dorsal forearm, away from where the electrical itch stimuli were applied, did not greatly evoke pleasantness (Fig. 2A) . The difference in pleasantness between the pleasant (wrist) and A: visual analog scale (VAS) rating of pleasantness evoked by scratching in the pleasant and control conditions in the fMRI experiment. P, pleasant condition; C, control condition. B: duration of pleasantness evoked by scratching the wrist to which itch stimuli were applied (Itchϩ) in the psychophysical experiment. C: VAS ratings of pleasantness evoked by scratching in the condition in which itch stimuli were applied (Itchϩ) and the condition in which no itch stimuli were applied (ItchϪ) in the psychophysical experiment.
control (dorsal forearm) conditions was not due to a difference in the location of scratching, since scratching the wrist did not greatly evoke pleasantness in the absence of electrical itch stimuli (Fig. 2C) . Thus pleasantness observed in this study was associated with scratching itchy skin. The duration of pleasantness was about 5 s (Fig. 2B) , indicating that subjects continuously felt pleasantness during scratching.
In this study, a strong itch sensation disappeared soon after the electrical itch stimuli terminated, but a weak itch sensation still remained on the wrist for ϳ10 s. In contrast, previous itch studies reported that itch sensation disappeared as soon as electrical itch stimuli were terminated (Ikoma et al. 2005; . In the previous studies the area to be stimulated was just a tiny spot, while it was much larger in this study (4.5 cm ϫ 2.1 cm). Moreover, the duration of electrical stimuli in the previous studies was 400 ms and 1,000 ms, while it was much longer (i.e., 4,500 ms) in this study. The larger the area to be stimulated and the longer the stimulus duration becomes, the longer the residual effects of stimulation last. This is a possible interpretation of the discrepancy between this study and previous studies. The remaining weak itch sensation was the main factor leading to the induction of pleasantness.
Key Brain Regions of the Reward System
Key brain regions of the reward system such as the striatum and midbrain were activated when pleasantness was evoked (Fig. 3C) Rolls et al. 2008) . We considered that the main component of scratching-induced pleasantness was the pleasant somatic sensation. Thus we suggest that the significant activation of the reward system observed in this study was mainly associated with the pleasant somatic sensation. However, some subjects reported not only pleasant somatic sensations but also delight at the moment when they recognized the wrists were scratched. In these subjects, the pleasant condition (scratching itchy skin) was preferred, whereas the control condition (scratching far from itchy skin) was not (i.e., an adverse event). This type of pleasure was included in our measure of scratching-induced pleasantness. Previous studies have reported that activity in the reward system significantly increased when preferred events occurred to subjects compared with when no preferred events or adverse events occurred (Leknes et al. 2011; Seymour et al. 2005) . Considering these previous studies, we suggest that the significant activation of the reward system observed in this study was also associated with the delight evoked at the moment when preferred events (i.e., the pleasant condition) occurred to the subjects. In the study by Vierow et al. (2009) , activity in the striatum during scratching itchy skin was significantly higher compared with that during scratching normal skin. In our psychophysical experiment, pleasantness was evoked by scratching when itch stimuli were applied to the wrists but not in the absence of itch stimuli (Fig. 2C) . Thus the subjects felt pleasantness only when itchy skin was scratched. We speculate that the significant activation of the striatum observed by Vierow et al. was associated with pleasantness evoked by scratching itchy skin. In our study, activity in the left striatum and midbrain during pleasantness was not signif- control (B) conditions. R, right hemisphere. C: brain regions that showed significantly higher activity in the pleasant condition compared with the control condition within the brain regions significantly activated in the pleasant condition. D: brain regions significantly activated during itch stimuli. Threshold for statistical significance: uncorrected P Ͻ 0.001 for intensity and false discovery rate (FDR) corrected P Ͻ 0.05 for cluster (a whole brain). P Ͼ C, pleasant Ͼ control; Cb, cerebellum; IC, insular cortex; IFG, inferior frontal gyrus; PM, premotor cortex; MCC, medial cingulate cortex; SMA, supplementary motor area; S1, primary somatosensory cortex.
icantly different from that during itch stimuli (Fig. 5, top row) . However, this result is not surprising, as itch evokes the desire to scratch, and the striatum and midbrain are associated with not only pleasantness but also craving (see, e.g., Berridge and Robinson 1988; Martin-Sölch et al. 2001 McClernon et al. 2009; Volkow et al. 2006) . It was suggested that activation of the striatum and midbrain during itch stimuli was associated with the desire to scratch to remove unpleasantness caused by itch, whereas activation during pleasantness was associated with scratching-induced pleasantness.
Pleasantness-related activation (i.e., pleasant Ͼ control) of the right striatum was significantly higher compared with activity in the same region during itch stimulation (Fig. 5, top  row) . This difference likely reflects processes specific for pleasantness.
SI. SI activity in the pleasant condition was significantly higher compared with the control condition. We suggest that this was not related to differences in location to be scratched (i.e., wrist vs. forearm), since their anatomical locations in the SI are almost identical and it is difficult to distinguish them in SI (Krakauer and Ghez 2000) . It could be that higher activity in the SI was associated with an increased arousal level or attention caused by pleasantness. If so, activity in the same region should also have increased when the itch stimuli were applied, since unpleasantness caused by itch stimuli also increases arousal and attention. However, activity in the SI decreased during itch stimuli (Fig. 5, third row) . Similar results were also observed in a pain study. Mohr et al. (2009) compared activity in the SI while unpleasantness was evoked by application of cold pain stimuli to normal skin, with pleasantness evoked by application of the same stimuli to burning skin caused by capsaicin pretreatment. They observed that activity in the SI decreased during the unpleasant condition but significantly increased during the pleasant condition. This difference was not due to pretreatment with capsaicin, since such a significant difference in SI activity was not observed when, instead of cold pain stimuli, nonnoxious cold stimuli were applied to normal and burning skin. Specifically, the SI showed pleasantness-specific activation in the previous study and the present study. However, such a pleasantness-specific activation pattern was not observed in the SI in previous studies of other pleasurable somatic stimuli, such as gentle touch, warming, and sexual stimuli Komisaruk et al. 2004; Lindgren et al. 2012; Rolls et al. 2003 Rolls et al. , 2008 . It may be that the SI plays Fig. 4 . Brain deactivation during scratching: brain regions significantly deactivated when scratching stimuli were applied in the pleasant (A) and control (B) conditions. Threshold for statistical significance: uncorrected P Ͻ 0.001 for intensity and FDR corrected P Ͻ 0.05 for cluster (whole brain). mOFC, medial orbitofrontal cortex; Prec, precuneus; PCC, posterior cingulate cortex; MI, primary motor cortex. an important role in the perception of pleasurable somatic sensation only in specific situations, such as the application of somatosensory stimuli to suppress pain and itch. IC. The IC was significantly activated when pleasantness was evoked in this study (Fig. 3C) . The IC was also activated when itch stimuli were applied (Fig. 3D) . The IC is considered to be a key brain region involved in the awareness of changes happening in the body and the mind (Craig 2002 (Craig , 2009 (Craig , 2010 . For example, bodily sensations such as itch, pleasure, thirst, hunger, and others are thought to be represented in the IC. It has been reported that pleasurable feelings such as chills evoked by listening to favorite music are associated with activation of the reward system (Salimpoor et al. 2011) . However, chills disappear if the IC is lesioned (Griffiths et al. 2004 ). These studies indicate that pleasurable feelings require the IC to be brought into one's consciousness. The importance of the IC in the awareness of subjective feelings is also supported by other studies (Berthier et al. 1988; Bird et al. 2010; Siliani et al. 2008 ). Thus it is likely that the IC in subjects in the present study was associated with awareness of pleasurable feelings that subjects felt during scratching itchy skin.
A Pleasant
Motor-related regions. Comparison of brain activity between the pleasant and control conditions showed significantly higher activity in motor-related regions such as the SMA, PM, and cerebellum for the pleasant condition (Fig. 3C) . Motorrelated region activity has not been frequently observed in previous studies of pleasantness (Anderson et al. 2003; Blood et al. 1999; de Araujo et al. 2003; Filbey et al. 2008; Frank et al. 2003; Grabenhorst et al. 2007 Grabenhorst et al. , 2010 Grabenhorst and Rolls 2008; Heinzel et al. 2005; Izuma et al. 2008; Kühn and Gallinat 2012; McCabe and Rolls 2007; McLean et al. 2009; Plassmann et al. 2008; Rolls et al. 2003 Rolls et al. , 2008 Salimpoor et al. 2011 ). Thus it is unlikely that activation of motor-related regions was associated with pleasantness. This interpretation is partly supported by the fact that activity in the SMA, PM, and cerebellum during pleasantness was not significantly different compared with that during itch stimuli (Fig. 5, second row) . The activation of the SMA, PM, and cerebellum during itch stimuli was interpreted to be caused by the desire to scratch to remove the itch (Drzezga et al. 2001; Mochizuki et al. 2003) . However, this interpretation would not be applicable for activation of these regions during pleasantness, as itch was already suppressed by scratching. Scratching itchy skin may unconsciously or consciously induce a different type of desire such as the desire to scratch to get further pleasantness. This interpretation is consistent with observations in patients with atopic dermatitis who scratch until it no longer provokes pleasant sensations rather than until itch has subsided (Ikoma et al. 2006) . Motor-related regions such as the SMA, PM, and cerebellum are regulated by striatal dopaminergic neurons (DeLong 2000; Krakauer and Ghez 2000; Kupfermann 1995; Nieuwenhury et al. 1988; Wise and Rompre 1989) . Importantly, reinforcement and motivation are partly regulated by dopamine (Berridge and Robinson 1998; Fibiger et al. 1987; Wise and Rompre 1989) . In this study, we observed significant activation of the midbrain when pleasantness was evoked. This region is rich in dopaminergic neurons (see, e.g., DeLong 2000), implying that significant activation of the midbrain observed in this study reflected increased dopamine release. Indeed, pleasantness increases dopamine release (see, e.g., Salimpoor et al. 2011) . Thus enhanced activity in motor-related regions observed in this study was likely associated with activation of the reward system caused by scratching-induced pleasantness. Itch stimuli-related brain regions. In this study, itch sensation was evoked soon after stimulus onset of electrical itch stimuli and rapidly weakened soon after stimulus offset. Thus we speculate that neural activity in brain regions associated with itch also show a similar temporal profile, such as a square wave. Because the conduction velocity of C fibers varies individually, the temporal profile of neural activity (i.e., the square wave) in brain regions associated with itch may have been delayed by several hundred milliseconds from the neural model associated with itch stimuli (i.e., regressor 1) for each subject. In addition, the short-lasting weak itch sensation after the termination of itch stimuli (i.e., ϳ10 s) did not include the model, since it was impossible to measure how long the weak itch sensation lasted after every itch stimulus. These are limitations of this study. However, these factors were not a significant concern in this study, as itch stimulus-related brain regions observed in this study were similar to those observed in previous itch studies using PET and fMRI (Darsow et al. 2000; Drzezga et al. 2001; Herde et al. 2007; Hsieh et al. 1994; Ishiuji et al. 2009; Leknes et al. 2007; Mochizuki et al. 2003 Mochizuki et al. , 2007 Mochizuki et al. , 2009 Papoiu et al. 2011; Walter et al. 2005) .
Other brain regions. We also observed significant activation of IFG/PM regions bilaterally while pleasantness was evoked (Fig. 3C ). In addition, this activation was significantly higher compared with itch stimuli-evoked activation of the same region (Fig. 5, third row) . Similar to motor-related regions, activation of this region has not been frequently observed in previous studies of pleasantness, indicating that significant activation of the IFG/PM is likely independent of pleasantness evoked by scratching. Unfortunately, the role of these regions was unclear. Further study will be needed to clarify the role of this region when pleasantness is evoked by scratching itchy skin.
Brain regions showing significant deactivations during scratching were the MI/PM, Prec/PCC, occipital cortex, medial OFC, and hippocampus. Similar regions were also observed in Regions of interest (ROIs) were placed on brain areas significantly activated in the pleasant condition compared with the control condition. Each ROI was a sphere with a 3-mm radius. The centers of the ROIs were the statistical peaks of significant activation (see also Table 1 ). Parameter estimates in the pleasant and control conditions within the ROIs were obtained. The parameter estimates in the control condition were then subtracted from those in the pleasant condition. This represents activity during pleasantness ("P Ͼ C" in the graph). In contrast, activity during itch stimuli was obtained as parameter estimates within ROIs during itch stimuli ("Itch" in the graph).
# P Ͻ 0.05, paired t-test.
previous studies (Vierow et al. 2009; Yosipovitch et al. 2008 ).
There was no significant difference in deactivation between the pleasant and control conditions. This result suggested that the most important brain regions associated with scratching-induced pleasantness are those that show significantly increased activity in the pleasant condition compared with the control condition.
Conclusions
Scratching itchy skin evokes pleasurable feelings. As expected, the key brain regions of the reward system such as the striatum and midbrain were significantly activated. In addition, several other brain regions, such as SI, IC, motor-related regions, and IFG/PM, were also activated when pleasurable feelings were evoked by scratching. We presented several interpretations of activation of these regions. For example, the SI and IC would likely be involved in processing pleasurable feelings evoked by scratching. The activation of motor-related regions could explain why scratching-induced pleasantness potentially reinforces scratching behaviors. This is the first study to identify brain regions activated when pleasantness is evoked by scratching itchy skin. The findings contribute to our understanding of why scratching itchy skin evokes pleasurable feelings that can reinforce scratching behaviors.
